The flow characteristics of liquids in microtubes driven by a high pressure ranging from 1 MPa to 30 MPa are studied in this paper. The diameter of the microtube is from 3 m to 10 m and liquids composed of simple small molecules are chosen as the working fluids. The Reynolds number ranges from 0.1 to 24. The behavior of isopropanol and carbon tetrachloride under high pressure is found different from the prediction from conventional Hagen-Poiseuille ͑HP͒ equation. The normalized friction coefficient C* increases significantly with the pressure. From an analysis of the microtube deformation, liquid compressibility, viscous heating and wall slip, it may be seen that the viscosity at high pressure plays an important role here. An exponential function of viscosity vs pressure is introduced into the HP equation to counteract the difference between experimental and theoretical values. However, this difference is not so marked for di-water.
I. INTRODUCTION
The characteristics of liquid flow in a microchannel is important in the design of microfluidic MEMS.
1 It has been established for gaseous flow that the pressure distribution along the channel becomes nonlinear when the cross section of the channel is sufficiently small. This is because a transition from continuum flow to free molecules flow takes place when the Knudsen number increases. 2 For the liquid flow in a microscale channel, several typical experiments have been reported recently, however, the results are not always consistent.
3- 8 Pfahler et al. 7 measured the friction factor of isopropanol in a microchannel ͑100 m in width, less than 40 m in depth and with a hydraulic diameter of 39.7 m͒, and found that the apparent viscosity became smaller than that in the macroscale. On the other hand, in Papautsky's 8 experiments with water ͑Reynolds numberϭ0.001-18 and hydraulic diameterϭ57 m), it was found that the experimental flow rate was smaller than the value predicted by the classical theory by a factor of 1.2. Recently, Sharp et al. 9 carried out systematic experiments for water and isopropanol in microtubes ͑Reynolds numberϭ50-1500 and hydraulic diameterϭ75 m-242 m), whose results were in good agreement with the classical theory. For smaller Reynolds number, Li et al. 10, 11 carried out experiments in a microtube with a diameter of about 20 m using liquids consisting of simple small molecules. Their results showed that the macroscopic theory is adequate enough for polar or nonpolar liquids and di-water. These recent results [9] [10] [11] all indicate that the behaviors of liquid flows in microchannels of larger than 20 m in diameter are in good agreement with the continuum theory. But the conflicting results about the flow in microtubes of smaller diameter remain to be studied.
Experimental results of liquid flow in the 3-10 m microtubes are presented here. We focus on liquids made of small molecules, such as the di-water, isopropanol and carbon tetrachloride. Because the flow rate is proportional to the fourth power of the diameter, a pressure up to 1-30 MPa must be maintained to provide a flow rate that can be accurately measured. The experimental setup and method are described in Sec. II and the results are given in Sec. III. The analysis about the microtube deformation, the liquid compressibility, the wall slip and the viscosity caused by high pressure is presented and then a revised equation is introduced in Sec. IV. Finally, conclusions are made in Sec. V.
II. EXPERIMENTAL SETUP AND METHODS

A. Theory of laminar flow in a tube
In the case of steady laminar flow in a straight tube, the Navier-Stokes ͑NS͒ equation can be simplified as HagenPoiseuille ͑HP͒ equation. The flow rate Q HP can be expressed as
where d and L are the diameter and the length of the microtube, respectively, P is the pressure drop between the two ends of the tube, and 0 the viscosity. Reynolds number Re and the normalized friction coefficient C* are defined as
where U is the average velocity in the tube, the density of the liquid, and f the friction coefficient.
B. Experimental setup
Our experiment was carried out in a high-pressure microflow setup in LNM laboratory ͓Fig. 1͑a͔͒. The experimental setup includes three units: the pressure source, the testing section and the flux measuring section. The high-pressure pump of 1-40 MPa ͑147-5800 Psi͒ is used to drive the working liquids. A feedback circuit controls two pistons in the pump to keep the output of pressure steady. The testing section consists of a tee connector, a pressure transducer, a thermocouple, and a microtube. The pressure transducer and the thermocouple are connected to the tee connector, through which the inlet pressure of the microtube and the temperature of the working liquid can be measured. One end of the microtube is linked to the tee connector with a mechanical seal and the other end is inserted into a glass capillary with glues. The microtube is long enough to neglect the inlet and outlet effects. The working liquid passing through the microtube is gathered in the glass capillary. The surface of the liquid's column is denoted as interface 2 ͓Fig. 1͑b͔͒. Considering the possibility of evaporation on interface 2, even if it can be neglected, the interface 1 is used as the reference. At each measurement of the flow rate, a gas bubble is first injected in the capillary to form the interface 1. Through measuring the displacement s of the reference interface and the interval t, the flow rate Q exp can be calculated by the following equation:
where D is the diameter of the capillary.
C. Measurement of roughness
In order to measure the roughness, the microtube must be cut along the axis with its inner surface exposed. In preparing the sample, the microtube is embedded in an opaque mounting material by a metallurgical specimen mounting mould, and then the sample is ground, polished, and washed. The probe of Atomic Force Microscope ͑Auto Probe CT Research Scanning Probe Microscope͒ moves continuously over an area of 12 m 2 at each spot to measure the profile of roughness peak ͑Fig. 2͒. The relative roughness Ra is defined as
where ⌬h is the average height of the roughness peak and R is the radius of the microtube. Two kinds of microtubes, 10 m and 500 m, made by the same company with the same material are used in the measurement. For the roughness measurement, the microtube must be ground and polished. After this process, the microtube of 10 m is much more difficult to clean than that of 500 m. So the average height ⌬h of the former is measured to be about 70 nm, much greater than that of the latter, that is, 7.12 nm. But, even with the value of 70 nm, the relative surface roughness is calculated to be less than 0.7%. So the microtube can be regarded as the hydraulic smooth tube.
D. Working liquids
Some simple liquids with small molecules such as isopropanol, carbon tetrachloride and di-water are used in our experiments. They have different molecular structures: diwater has a very strong hydrogen bond; isopropanol is a polar liquid and carbon tetrachloride is a nonpolar liquid with a symmetric molecular structure. All of them can be treated as Newtonian liquid under the critical shear rate O (10 12 ). It is assumed that the molecules of liquids are isolated and homogeneously distributed. The possible structure scale ␦ of the liquid is
where ␥ is the molecular weight, the density of the liquid, NA Avogadro number. For the three working liquids, ␦ is less than 1 nm, respectively. It is obvious that the molecule's scale is much smaller than the characteristic flow scale. The viscosity of the liquid is measured by Pinkevitch viscometer and the electrical conductivity of di-water is measured by DDS-12A electrical conductometer. The dissolved gas under a high-pressure condition may influence the flow. Therefore, we pour the pure nitrogen of very low solubility into working liquids to replace the gas, and then the liquids are completely de-gassed through the ultrasonic instrument.
E. The uncertainty of experimental system
Generally, the uncertainty u of a function f is related with the variables measured in the experiments. From Eqs. ͑1͒, ͑4͒, and ͑5͒, the uncertainty u C * in C* is defined as
where u i in the radical sign is the uncertainty of the related parameter referring to the respective subscripts. Because the flow rate is proportional to the fourth power of diameter, the uncertainty in the geometric measurement of a microtube becomes very important. in each experiment. The experimental uncertainties and parameters are listed in Table I and Table II , respectively.
III. EXPERIMENTAL RESULTS
The experimental results are presented as the arithmetic average values with the experimental uncertainty. The arithmetic average value is calculated from at least three measurements and the maximum standard deviation is less than Ϯ2.3%. The experimental uncertainty contains two parts: the uncertainty of the experimental system ͑Sec. II E͒ and a product of the standard deviation and , where is a coefficient related to the number of measurements N (3рNр5, ϭ1.2-2.5, NϾ5, ϭ1). Total uncertainties for three microtubes are Ϯ4.8%, Ϯ8.6%, and Ϯ13.6%, respectively.
A. Results for 10 m microtube
The relationships of the flow rate Q exp vs the pressure parameter P/ 0 L for three liquids are shown in Fig. 3 . The relative uncertainty of Q HP is Ϯ4.1% noted between two dotted lines, and that of Q exp is Ϯ2.1%, which is not noted for clearness. It obviously shows the absolute deviation between the experimental flow rate and the theoretical values, especially under a high pressure. For water, Q exp is larger than Q HP , but for the other liquids, Q exp is smaller than Q HP .
From the relationships of normalized friction coefficient C* vs the pressure ͑Figs. 4 -6͒, the relative deviations are given for each liquid, respectively. C* varies slightly with the pressure for di-water ͑Fig. 4͒. But for the other two liquids, isopropanol and carbon tetrachloride, C* increases obviously with the pressure ͑Figs. 5 and 6͒. Even though the uncertainty is considered, there is still about 3-5 % difference between the theoretical prediction and experimental results at the pressure of 30 MPa. For water, C* is smaller than 1. However, for other two liquids, C* is larger than 1 for most points except at lower pressure ( PϽ10 MPa). 
B. Results for 3-5 m microtubes
The experimental results about C* vs the pressure for 5 m and 3 m microtube are presented in Figs. 7 and 8. For water, C* varies slightly with the pressure ͓Fig. 7͑a͔͒ and keeps nearly constant in the case of 3 m micotube ͓Fig. 8͑a͔͒. For isopropanol and carbon tetrachloride ͓Figs. 7͑b͒, 7͑c͒, and 8͑b͔͒, C* increases with the pressure with a same tendency as in the case of 10 m tubes. For carbon tetrachloride in 3 m microtube ͓Fig. 8͑c͔͒, the tendency can also be seen even though the data of one test is scattered. 
IV. ANALYSES AND DISCUSSIONS
There are several factors that may influence the experimental data with respect to the pressure drop: the deformation of the microtube, the compressibility of the liquids, the wall slip and the viscosity. They will be discussed in detail in the following.
A. Effects of deformation and compressibility
The microtube is treated as a thick wall cylinder and its radial expansion y(r) of microtube can be calculated as 12 y͑r ͒ϭ
where d outer is the outer diameter of the microtube, E the Young's modulus of the glass (6.2ϫ10 11 dyn/cm 2 ), Poisson ratio ͑0.24͒. 13 In the case of 10 m microtube with the maximum pressure of 30 MPa, the radical expansion is 6 nm and the relative change of the diameter is only 0.06%. Therefore, the influence of the deformation on the flow rate can be neglected.
It is well known that liquids can be compressed under a high pressure and Mach number may be served as a scale of the compressibility. According to the relation of Mach number and the density of the liquids, we have
In the case of the maximum pressure of 30 MPa, the maximum velocity of the liquid in 10 m microtube is 2 m/s and the Mach number is near 2ϫ10 Ϫ3 . Therefore we can obtain the relative change of the density, ⌬/ 0 Ͻ0.001%, which can be neglected too.
B. Effect of wall slip
As the characteristic scale of the flow goes down to the micron/nanometer, the interaction between fluid and solid surfaces becomes more and more important. In the present experiment, there is a kind of microflow with the high shear rate O (10 6 ) in the microtube with the hydrophilic wall. Based on the similar experimental condition, Choi 14 proposed a formula that is a function of shear rate ␥ to calculate the slip length ␦ and slip velocity u slip , ␦ϭ0.059ϫ␥
here the parameters are the same as noted in the formula ͑1͒.
Note that the unit of slip length in the above equation is nanometer. Considering the effect of slip, a revised theoretical flow rate is obtained as
The relative change of flow rate is defined as
͑15͒
In the case of the maximum pressure of 30 MPa, the wall slip results in about 5% increase of the flow rate in 10 m microtube. However, the effect of the wall slip is not sufficient to explain the decrease of flow rate of isopropanol and carbon tetrachloride.
C. Effect of viscosity
The viscosity is extremely sensitive to the temperature. In the case of a steady flow, the order of magnitude of the mechanical energy loss rate per unit volume due to viscous effects ␥ 2 is equal to that of the internal energy change rate due to heat conduction ⌬T/R 2 according to the energy equation, 15 where ␥ and R are the typical values of the shear rate and the system size, respectively, T is the temperature and k is the thermal conductivity of the fluid. It is then straightforward to obtain the order of magnitude for the relative change of viscosity due to viscous heating,
where ␤ is the property coefficient. Therefore the viscous heating can be neglected. Bridgman 16 carried out systematic experiments to study the relationship of viscosity versus pressure. He pointed out that the viscosity of liquids, except the water, augmented with the increase of pressure. The relationship can be expressed approximately by an exponential function,
where 0 is the viscosity under the atmospheric temperature, app the apparent viscosity and ␣ is the property coefficient. The variation of pressure drop dP along dx is
Applying Eq. ͑17͒, integrating Eq. ͑18͒ along L and considering the pressure condition between two ends of the microtube, the ratio of the revised flow rate Q HP-p to the flow rate Q HP is
͑19͒
The revised normalized friction coefficient becomes
͑20͒
The property coefficient, ␣, can be calculated from the data of the relative viscosity given by Bridgman 16 in Table III 17 the viscosity for water in the present pressure range can be approximately regarded as constant. In our experiments, we also observed that C* for water varies very slightly with pressure.
In summary, we combine the wall slip and the viscositypressure relationship to obtain the revised theoretical flow rate and the revised normalized friction coefficient as follows:
͑22͒
Two revised results of 10 m for isopropanol and carbon tetrachloride are shown in Figs. 9 and 10. It can be seen that the experimental data agree well with the theoretical prediction. For dϭ5 m and 3 m microtubes, similar tendencies are observed, but, owing to the large uncertainty in measuring the diameter, the agreement between the test data and the theoretical predictions are not so convincing, therefore, the related plots are not given here.
V. CONCLUSIONS
The experiments about the flow behavior in 3-10 m microtubes using di-water and the other two small molecules liquids, isopropanol and carbon tetrachloride, are described in this paper. The experimental results indicate the following.
͑a͒ The flow behavior of isopropanol and carbon tetrachloride in 10 m microtubes under high pressure deviates from the classical HP law, while water does not show the similar phenomenon. ͑b͒ For the isopropanol and carbon tetrachloride, the normalized friction coefficient C* increases with the pressure. But, for water, the variation of C* is very slight with the pressure. The experimental flow rate for water is a little larger than the prediction of HP theory. But for isopropanol and carbon tetrachloride, the experimental flow rate is smaller than the theoretical values under most pressure value ( Pу10 MPa). For dϭ5 m and 3 m microtubes, similar tendencies are observed. However, the agreement between the test data and the theoretical predictions are not so convincing until the smaller uncertainty in measuring the diameter is obtained in the future.
